Attenuation 
Introduction
Wireless communications are steadily shifting toward utilization of higher frequency bands that can satisfy an increasing transmission capacity demands. Terrestrial and low elevation links in particular operating in millimeter wave bands are expected to be utilized more frequently in foreseeable future. Electromagnetic waves of millimeter wavelengths propagating in atmosphere are mostly impaired by atmospheric hydrometeors [1] due to scattering/absorption of mm waves on droplets forming a hydrometeor. In order to estimate the quality and availability of the designed mm-wave radio links, the statistics of attenuation are thus needed [2] . Nevertheless long-term empirical statistics of attenuation are not widely available in literature so far, especially for frequencies around and above 100 GHz.
Attenuation due to atmospheric hydrometeors is known to be proportional to the intensity of precipitation. However the incidence of precipitations is locally specific and has to be determined experimentally [3] [4] [5] . The goal of this work is therefore to obtain so far not unavailable empirical local statistic of attenuation that can be used 1) to assess propagation models and 2) to design mm wave links in the area. Furthermore, the dependence of mm wave attenuation on the physical parameters of hydrometeors such as rain intensity is studied. The experimental measurement of the received signal fluctuations have been carried out simultaneously on three mm-wave links [6] , [7] . The statistics of attenuation have been obtained from the long-term dataset.
Experimental Setup
Experimental observation of path attenuation fluctuations is carried out continuously on several millimeter wave links with receiver site located at the Czech Metrology Institute (CMI) building (Hvozdanska street) in Prague, see Fig. 1 .
The two links operating at 58 GHz and 122 GHz [8] on the same path with the transmitters located on the rooftop of the Senohrabska street (Sen) building are almost perpendicular to the 94 GHz link with the transmitter located on the building of the Geophysical Institute (GFU) (Bocni II street). Table 1 summarizes basic parameters of mm links. The nominal received signal level was determined dominantly as a monthly median value of the RSL such that the nominal RSL is taken as a zero attenuation level. In some particular cases of fading events on the 122 GHz link, the zero level was obtained from the RSL immediately before and after the individual attenuation event.
Beside other relevant meteorological quantities, rain intensity is measured simultaneously near the receivers by means of two tipping bucket heated rain gauges with sensitivities: 0.1 mm/hour per tip and 0.2 mm/hour per tip respectively [6] . Two additional microwave links in the frequency band 58 GHz with V and H polarizations are observed on the path GFU-CMI. The links provided rain attenuation data as presented below in Fig. 2 .
Experimental Results

Attenuation Statistics
Attenuation statistics from the period from May 2013 to April 2014 were presented in [7] . More than 100 hydrometeor events were individually selected and cumulative distributions (i.e. percentages of time when attenuation exceeded a given level) of (specific) attenuation given in (dB/km) were The annual distributions are compared with the predicted ones using the Recommendation ITU-R P.530 [9] . P.530 applies the value of rain intensity R 01 exceeded for 0.01% of time at a particular location to predict rain attenuation statistics at that location. Two sets of distributions depicted are predicted using particular values R 01 = 24 mm/h and R 01 = 32 mm/h. The former value is obtained from ITU-R world maps [10] , the latter is obtained from long-term local measurements of rain in the climate of CR. The reasonable agreement between measured and predicted distributions is seen but the measured attenuation seems to be systematically higher than the predicted one. One must also take the year-to-year variability into account. Figure 7 shows a scatter plot of two-year data of simultaneously observed attenuation and rain intensity. The data depicted are the average values over the 20 second time intervals. This averaging length serves as a compromise between typical attenuation sampling (1 sec.) and a usual rain intensity averaging interval (1 min.). Furthermore, the power law models of the form
Attenuation vs Rain Intensity
where A (dB/km) is specific attenuation and k, q are the parameters of the model, are fitted to the interval median values (i.e. 50% percentiles) of attenuation. Table 2 summarizes fitted parameters of the model. Note that only R > 1 mm/h values were actually fitted since the region of low attenuation/intensity is relatively less important in practical applications. There is also a larger relative measurement error in this region. 
Scattering Modeling
The measurement results, specific for 3 millimeter wave bands, presented in the previous section is to be confronted with the numerical modeling predictions. Specifically, the frequency dependence attenuation due to scattering on the water particles (rain) and on ice particles (hailstones) is investigated in the following. The specific attenuation A (dB/km) is obtained by integrating droplet extinction cross sections C ext weighted by droplet size distribution (DSD) (3) [11] , [12] as follows:
where the cross section is a function of the droplet radius r, the wavelength λ and of the complex refractive index of water or ice m. Consistent units are assumed in (2) . The extinction cross section C ext is calculated using Mie scattering formulas [11] , [13] . A gamma distribution is used which is common to describe the realistic DSD of real hydrometeors
where the parameters a, α and b depend on the physical parameters of a particular hydrometeor. Several models have been proposed for DSD of rain parametrized by rain intensity. The widely used classical Marshal-Palmer (MP) model [14] is defined by an exponential distribution which is a special case of (3) The attenuation calculated using numerical integration of (2) is shown in Fig. 9 . The results of theoretical calculation seems to be fully consistent with the results of measurement in three mm wave bands presented in previous sections. Modeling of scattering on ice particles show that with the same DSD attenuation attenuation due to hailstones is lower than the rain attenuation but only for frequencies lower than 100-150 GHz. 
Conclusion
The long-term statistics of attenuation due to hydrometeors in three mm wave bands were obtained from the measured received power levels on terrestrial microwave links in Prague. The measured attenuation levels are slightly larger than predicted by the ITU-R P.530. This may be caused by a higher incidence of stronger rain events.
Attenuation observed in all three frequency bands under study was generally of very similar level and with estimated measurement accuracy of the order 1-3 dB it is difficult to distinguish different frequencies even on the same path. Nevertheless, attenuation of 58 GHz band is consistently lower than attenuation of two higher frequency bands, this fact is confirmed also by a numerical model in Fig. 9 . On the other hand the difference between 94 and 122 GHz seems to be less significant. The observed attenuation on the 94 GHz link is actually slightly higher than on the 122 GHz link which seems to be in contrast with the theoretical predictions in Fig. 9 . However one must note that a) their propagation paths are different (perpendicular) and b) the measurement accuracy of the order 1-3 dB mentioned above has to be taken into account. Therefore one can conclude that the trend of increasing attenuation due to hydrometeors with increasing frequency is limited to frequencies below about 100 GHz and attenuation does not increase significantly in higher mm wave bands.
Rain and snow attenuation was not specifically distinguished in our experiment in a sense but the attenuation events estimated to be due to snow covering antennas were removed from the processing. However pure snow events usually caused attenuation of several dB and the strongest attenuation events were caused by a heavy rain as was checked by comparison with concurrent on-site meteorological measurements.
